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Abstract –We study the black-hole evaporation from the perspective of neural networks. We
then analyze the evolution of the Hamiltonian, finding in this way the conditions under which
the synapse connecting the neurons changes from gravitatory to inhibitory during the evaporation
process.
Introduction. – From the classical point of view, the
Black-Holes are objects able to absorb particles (informa-
tion) which can never escape away [1]. In addition, they
can store information in the most efficient way [2]. If we
make an analogy with the way how a system of neural
networks administrates the information, this means a per-
fect storage [2]. The analogy between Black-Holes and
neural networks, was explored in [2]. In such a case it
was also suggested that the black-holes can be visualized
as a critical state of a group of attractive bosons. The
critical condition corresponds to the situations where the
phenomena of assisted gaplessness occurs and helps to can-
cel out the gap of the corresponding assisted modes. This
happens when a highly occupied master mode helps other
modes to become gapless. A neural network experiencing
assisted gaplessness can store a huge amount of patterns
at a costless price when the critical condition is reached.
This effect is related to the phenomena of classicalization
introduced in [3]. Interesting aspects about the physics
of Black-Holes as well as the possible solution to some
important physical problems, like the UV-completion of
gravity are also explored inside this formulation [4]. Ex-
ploring the UV-completion of gravity via classicalization
is different to the traditional way of approaching to this
problem [5]. Through this formulation, an alternative so-
lution to the hierarchy problem has been proposed [2, 6].
In this paper we explore the Black-Hole evaporation from
the perspective of neural networks. When the Black-Hole
evaporates, it loses information at a rate defined by the
Hawking radiation [7]. Here we demonstrate that when
there is a simultaneous evaporation of the master and
the assisted modes, the synapse becomes less gravitatory
in time and eventually, under some special conditions, it
might become inhibitory. We obtain the conditions under
which the synapse becomes inhibitory during the evapo-
ration process.
Black-Holes as a critical state of a Bosonic field.
– We can consider a Bosonic field obeying the usual com-
mutation relations defined as
[aˆi, aˆ
+
j ] = δij , [aˆj, aˆk] = [aˆ
+
j , aˆ
+
k ] = 0. (1)
The level of excitation of a mode in the state |nk >
is characterized by the occupation number defined as
nˆk = aˆ
+
k aˆk = 0, 1, ..., (d − 1). There are K + 1 possible
degrees of freedom (oscillators), each one forming a qdit.
The most important quantity to be analyzed is the energy
gap between the states |nk > and |nk ± 1 >, here defined
as En0,n1,...,nK =
∑
k Eknk. This quantity marks the ef-
fort necessary for the system to store some information
patterns. We consider |nk > as a qdit with d − 1 differ-
ent possible states [2]. Each quantum occupation number
corresponds to a neuron which can be excited by some
input stimuli. When the occupation number increases,
then the gap associated to the neuron also increases cor-
respondingly. If we have K + 1 of such neurons (states),
then the state representing the information storage pat-
tern is given by the tensorial product of the particle num-
bers (gap) associated to each neuron and here simplified
as |n0, n1, n2, ..., nK > [2]. The neuron excitation is de-
fined by the level of occupation number which can reach
until d− 1.
The phenomena of assisted gaplessness. The phenom-
ena of assisted gaplessness can be understood if we take
the master mode to be defined by the occupation number
nˆ0. Then the Hamiltonian is given by
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Hˆ =
K∑
k=1
Ek (1− αnˆ0) nˆk + E0nˆ0 + ..., (2)
In this case, the master mode is taken to be highly occu-
pied and the coupling with this mode and the others is
”gravitatory” (negative coupling). As far as the coupling
between the master modes and the others is negative, then
the synapse connection is considered as excitatory or en-
ergetically favorable. Defining the occupation number of
the master mode as < nˆ0 >= N0, then the effective gap
for the other modes is given by [2]
E
eff
k = Ek (1− λ) , (3)
with λ = αN0. Then the presence of a master mode, helps
the other modes to decrease the gap such that the excita-
tion becomes easier. The critical condition, which is the
one corresponding to the black-hole case is given by the
value of the parameter λ = 1. In this case, the assisted
modes become gapless and it costs zero energy to store
patterns inside them. Note that the critical condition is
equivalent to N0 = λ
−1. In such a case there is a de-
generacy in all the states |N0, n1, n2, ..., nK > and given
by dK . This degeneracy is connected with the definition
of entropy. This previous degeneracy for example explains
why the entropy of the black-holes scale with the area law.
The Black-Hole evaporation: Standard case. –
The Black-Hole evaporation process in its standard version
connects two different definitions of vacuum by using the
Bogoliubov transformations [7]. The original calculation
developed by Hawking suggested a connection between the
vacuum defined at the infinite future and another one de-
fined in the past infinity. The idea in its simplest version
is that if we have a scalar field expanded as
φ =
∑
i
(
fiaˆi + f¯iaˆ
+
i
)
, (4)
in the past null infinity which is devoid of particles, then
we can connect the vacuum defined by aˆi|0 >= 0 in the
past null infinity with the vacuum defined in the future
null infinity as bˆi|0¯ >= 0. The massless scalar field φ can
be defined everywhere in agreement with the expression
(4), or equivalently it can also be expanded as
φ =
∑
i
(
pibˆi + p¯ibˆ
+
i + qicˆi + q¯icˆ
+
i
)
, (5)
with the modes pi defined in the future null infinity and
the modes qi defined on the event horizon. Note that the
information problem in a black-hole comes out precisely
from the fact that only part of the information of the scalar
field is contained inside the modes pi, which are at the end
the ones measured by the observer located in the asymp-
totic null infinity [8]. It is easy to demonstrate then that
the vacuum defined by aˆi|0 >= 0 and the one defined by
bˆi|0¯ >= 0 are connected by Bogoliubov transformations
in order to preserve the canonical commutation relations.
The particle creation effect then happens when the Bo-
goliubov coefficient mixing the positive and negative fre-
quency modes does not vanish. Following the notation of
[7], we can write
bˆi =
∑
j
(
α¯ij aˆj − β¯ij aˆ
+
j
)
. (6)
Here β¯ij is the coefficient mixing positive and negative fre-
quencies. Then an initial vacuum aˆi|0 >= 0, is perceived
in the future null infinity as a state full of particles, with
the expectation value on the number of particles defined
by
< 0|bˆ+i bˆi|0 >=
∑
j
|βij |
2. (7)
Then we conclude that an observer located in the future
null infinity perceives the existence of particles coming
from the black-hole. Here we will not derive explicitly
the Bogoliubov coefficients, we are rather interested in the
relation between them. In fact, the coefficient mixing pos-
itive and negative frequency modes βij , is related to the
coefficient αij by the relation
|α
(2)
ωω′ | = e
piω
κ |β
(2)
ωω′ |. (8)
Here the superindex (2) means that we are considering the
portion of the field which is able to enter the black-hole for
being emitted again as radiation. From the Mathematical
perspective the previous relation between the Bogoliubov
coefficients creates the black-body radiation effect. Then
whenever this relation is satisfied, we are recreating the
effects of particle creation of Black-holes.
Black-Hole evaporation from the perspective of
neural networks. – Knowing the relation between the
Bogoliubov coefficients, necessary for obtaining the Black-
Hole evaporation effects, we can then proceed to explore
what are the consequences of the same relation inside a
system experiencing assisted gaplessness. Here we use the
analogy between a bosonic gas and a neural network pro-
posed in [2], in order to demonstrate the equivalent ef-
fect from this perspective. The analogy between a gas of
Bosons and a neural network suggests the following dic-
tionary [2]: 1). The neuronal excitation is equivalent to
the particle occupation number of the bosonic field. 2).
The particle momentum is associated to neural degree of
freedom. 3). The oscillator energy gap is related to the
excitation energy threshold of the neuron. 4). The gravi-
tational interaction is simulated by the excitatory synapse
connection. 5). The Black-hole state is related to the Crit-
ical state of highly excited low threshold neurons. Consid-
ering this dictionary, we can conclude that the Hamilto-
nian (2) also represents the behavior of a neural network
with one master neuron (mode). Here we want to analyze
what happens if the different modes start to evaporate.
In order to achieve this, we have to start analyzing the
p-2
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vacuum conditions, such that we are able to understand
how the particles are detected in the future null infinity
from the perspective of an observer located there. Al-
though the evaporation process from the perspective of
neural networks is interpreted in a different way, the same
Mathematical tools are still valid in such scenario.
Particles perceived in different vacuums. In the lan-
guage of the Black-Holes, the Hamiltonian (2) is expanded
in the modes defined in the asymptotic past infinity, and
then for the vacuum defined in such a case, we get
Hˆ |0 >= 0, (9)
which is a natural consequence of the vacuum condition
aˆi|0 >= 0. On the other hand, the same Hamiltonian,
could be expressed in terms of the modes defined at the
future null infinity. In such a case, the vacuum is de-
fined by bˆi|0¯ >= 0. In addition, the Hamiltonian (2)
expanded in terms of these modes, also satisfies the con-
dition ˆ¯H |0¯ >= 0. In asymptotically flat situations, the
observers perceiving the black-hole evaporation, are usu-
ally located at the future null infinity. Taking into account
this aspect, we then proceed to evaluate how an observer
located at the asymptotic null infinity, would perceive the
information stored in the Hamiltonian (2), but evaluated
with respect to the vacuum where the information is origi-
nally stored, namely the vacuum obeying aˆi|0 >= 0. Since
the observers located at the future null infinity define the
modes in agreement with the operators bˆi and bˆ
+
i , then
we need to use the Bogoliubov transformation (6) inside
(2) in order to describe the operators bˆi in terms of the
operators aˆi. Considering the vacuum expectation value
< 0| ˆ¯H |0 >, some of the relevant terms to be evaluated are
bˆ+0ωbˆ0ω =
∫
dω′|β
(0)
ω,ω′ |
2, (10)
where we have ignored all the terms which vanish after
taking the vacuum expectation value. The previous re-
sult is the trivial one and it corresponds to the part of
the Hamiltonian E0nˆ
e
0 = E0
∫
dω′|β
(0)
ω,ω′ |
2. We use the su-
perindex e because we want to remark that this quantity
corresponds to the emission of particles from the Black-
Hole. This part corresponds to the evaporation of the
master modes without considering the coupling to the as-
sisted modes. Analogously, the uncoupled part of the
assisted modes evaporates in the same way if we con-
sider bˆ+kω bˆkω =
∫
dω′|β
(k)
ω,ω′ |
2, which helps us to define the
term Eknˆ
e
k = Ek
∫
dω′|β
(k)
ω,ω′ |
2. Here again we use the su-
perindex e. Finally, the interesting part comes from the
assisted modes coupled to the master one. This part re-
quires the evaluation of terms of the form
< 0|bˆ+0 bˆ0bˆ
+
k bˆk|0 >=
< 0|
(
β
(0)
ω,ω′β
∗(k)
ωk,ω
′′
k
α
∗(0)
ω,ω′′α
(k)
ωk,ω
′
k
aˆ0ω′ aˆ0ω′′ aˆ
+
ω′
k
aˆ+
ω′′
k
)
|0 >
+ < 0|
(
|β
(0)
ω,ω′ |
2|β
(k)
ωk,ω
′
k
|2aˆ0ωaˆ
+
0ω′ aˆkωk aˆ
+
kω′
k
)
|0 > . (11)
Note that the first term of the right-hand side of this equa-
tion vanishes if the eigenstates generated by aˆ+0 |0 > and
aˆ+k |0 > are orthogonal. However, if there is some overlap
between these states, then this term does not vanish in
general. The second term in the sum never vanishes, in-
dependent on whether or not the master modes and the
assisted ones are overlapped. The result (11) shows that
the coefficient which does not mix the frequencies, namely,
αω,ω′ , might also contribute to the emission of particles
due to the coupling between the master modes and the
assisted ones. This only happens when there is an overlap
between the eigenstates related to the master modes with
the eigenstates related to the assisted ones as has been
just remarked.
Changes in the gap. The changes in the gap can be
found from the net Hamiltonian, which is the original
Hamiltonian with the subtractions coming from the terms
related to the emission of particles just previously calcu-
lated. In fact, during the process of emission of particles,
the Hamiltonian (2), becomes
Hˆ =
K∑
k=1
Ek
(
1− α
(
nˆ0nˆk − nˆ
e
0nˆ
e
k − ǫnˆ
eβ
0,k mixnˆ
eα
0,k mix
nˆk − nˆek
))
×
(nˆk − nˆ
e
k) + E0 (nˆ0 − nˆ
e
0) + ... (12)
Here we have defined
nˆe0 =
∫
dω′
∣∣∣β(0)ω,ω′∣∣∣2 , nˆek =
∫
dω′
∣∣∣β(k)ω,ω′∣∣∣2 ,
nˆ
eβ
0,kmix =
∫
dωmβ
(0)
ω,ω′β
∗(k)
ωk,ω
′′
k
, nˆeα0,kmix =
∫
dωmα
∗(0)
ω,ω′′α
(k)
ωk,ω
′
k
. (13)
In addition, in order to simplify the notation in the equa-
tions, we write the inverse operator (nˆk− nˆ
e
k)
−1 = 1
nˆk−nˆ
e
k
,
following the notation of ordinary numbers. The dimen-
sionless parameter ǫ << 1 introduced in eq. (12), suggests
just a small overlap between the eigenstates of the mas-
ter modes and those belonging to the assisted ones. It is
obtained from the relation
< 0|
(
aˆ0ω′ aˆ0ω′′ aˆ
+
ω′
k
aˆ+
ω′′
k
)
|0 >= ǫδ(ω′ − ω′′k )δ(ω
′′ − ω′k).
(14)
The parameter ǫ indicates the soft overlapping. When
there is no overlap, then ǫ = 0 exactly. Besides these
conditions, we have to consider dωm to be the spectrum
of frequencies for which there is an overlap between ω and
ωk. This is equivalent to say dωm = δ(ω − ωk)dω, inside
p-3
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the interval of frequencies for which ǫ 6= 0. From eq. (12),
we can perceive that the effective gap is given by
E
eff
k = Ek
(
1− α
(
nˆ0nˆk − nˆ
e
0nˆ
e
k − ǫnˆ
eβ
0,kmixnˆ
eα
0,kmix
nˆk − nˆek
))
.
(15)
Note that the factor nˆk − nˆ
e
k in eq. (12) is just the
amount of remaining particles corresponding to the as-
sisted modes. Evidently, the evaporation of the assisted
modes affects the information storage because there will
be less neurons available for storing the information once
this process starts. From eq. (15), we can see that the
simultaneous evaporation of both, the assisted as well as
the master modes, can affect the effective gap of the as-
sisted modes. If there is no evaporation of both modes,
then the perceived effective gap is still defined in eq. (3).
Note that the effective gap depends on the net amount of
assisted modes remaining in the system during the process
of evaporation through the term nˆk − nˆ
e
k. It is interesting
to notice that if there is no evaporation of assisted modes,
then we recover the ordinary effective gap (3), independent
on the number of master modes evaporated. This conclu-
sion can however change if we consider higher-order terms
in the Hamiltonian. On the other hand, if only assisted
modes evaporate, then eq. (15) becomes
E
eff
k = Ek
(
1− α
(
nˆ0nˆk
nˆk − nˆek
))
. (16)
Note that from this expression it is clear that the evapo-
ration of the assisted modes helps the synapse to become
more gravitatory. The reason is that for the same amount
of a highly occupied master mode, it is necessary to assist
less modes. Then it becomes easier to make the remain-
ing modes gapless. However, at the same time there are
less modes where the information could be stored, mak-
ing then it more difficult to store patterns of information.
Note that when we have simultaneous evaporation of both
modes, the synapse changes from gravitatory to inhibitory
if the following condition is satisfied
nˆ0nˆk < nˆ
e
0nˆ
e
k + ǫnˆ
eβ
0,k mixnˆ
eα
0,k mix. (17)
Note that since nˆe0 and nˆ
e
k can never be larger than nˆ0 and
nˆk respectively, then the previous condition can only be
satisfied in two situations. The first one, is when the black-
hole is in its last stage, such that nˆe0 → nˆ0 and nˆ
e
k → nˆk.
The second situation is when the overlap between the mas-
ter modes and the assisted ones is big enough such that
ǫ becomes large enough in order to satisfy the condition
(17). In any case, we can observe that only the simulta-
neous evaporation of the master modes and the assisted
ones might change the condition over the synapse from
gravitatory to inhibitory.
Conclusions. – In this letter we have demonstrated
that the simultaneous evaporation of the master modes
and the assisted one, under some special circumstances
might change the character of the synapse. During the
evaporation process the synapse might change from excita-
tory to inhibitory. This cannot happens with the isolated
evaporation of the master modes nor with the isolated
evaporation of the assisted modes. Only the combined
evaporation of both modes might change the character of
the synapse. When only assisted modes evaporate, the
synapse becomes more gravitatory in time. This facili-
tates the homework of the master neuron for making the
assisted modes gapless. However, at the same time, the
evaporation of the assisted modes means that less patterns
of information can be stored because now there are less
available states after evaporation. Finally, if only master
modes evaporate, the standard conditions for getting the
critical condition of the system are recovered. These pre-
vious results are valid when we consider the Hamiltonian
up to the second order in the occupation number. Here
we consider that if the assisted modes cannot evaporate,
then nˆek = 0, as well as nˆ
eβ
0,k mix = 0 for the mix mode.
The same number representing the evaporation of the mix
modes vanishes when nˆe0 = 0. This is the case because
this mix number goes to zero if β
(0)
ω,ω′ = 0 or if β
(k)
ω,ω′ = 0
as can be observed from eqns. (13).
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